ABSTRACT Two putative cDNAs of acetylcholinesterase (AChE), one from Dermacentor variabilis, and the other from Rhipicephalus sanguineus, were ampliÞed and sequenced. The deduced amino acid sequences have high amino acid identities (between 70 and 94%) to known tick AChE sequences deposited in GenBank. Furthermore, these two AChEs also possess common features in their primary AChE structure such as catalytic active sites. A 2,220-bp contiguous sequence, containing a 1,791-bp open reading frame encoding an AChE precursor with 596 amino acid residues, was obtained from D. variabilis. The deduced proteins of R. sanguineus are different in size by 6 amino acids because of alternative splicing at the 5Ј end. A gene tree deduced from phylogenetic analysis indicates that there are at least three lineages of AChE in arthropods.
THE BROWN DOG TICK Rhipicephalus sanguineus (Latreille) is a common ectoparasite of dogs throughout the United States, and, indeed, is the most widely distributed tick in the world. It is found worldwide approximately between 50N and 30S (Walker et al. 2000) . The American dog tick, Dermacentor variabilis (Say), is found in the eastern and central United States (Bishopp and Trembley 1945) . There is also an established population in northern Idaho and southeastern Washington (Stout et al. 1971) , and another population in the coastal region and locally inland in California (Cooley 1938) . Easton et al. (1977) reported a small population of this tick in the central point area of Jackson County, Oregon, and perhaps another population in northwestern Oregon.
In the eastern United States, D. variabilis is the primary vector of Rickettsia rickettsii (Wolbach), the causative agent of Rocky Mountain spotted fever. Although the brown dog tick occasionally bites humans (Goddard 1989) , it has not been implicated in the transmission of any human tick-borne pathogens in the U.S.A. However, it transmits several pathogenic agents to dogs, including Ehrlichia canis (Donatien and Lestoquard) and Babesia canis (Piana and GalliValerio), as well as the nonpathogenic Rickettsia rhipicephali (Burgdorfer, Brinton, Krinsky and Philip), and others (Walker et al. 2000) .
Tick control relies heavily on the application of acaricides. The excessive use of acaricides has facilitated the development of resistance in ticks and made the control of pest ticks more difÞcult (Razig and Osman 1987) . Tests have shown that R. sanguineus collected from the Corozal Army Veterinary Quarantine Center in Panama was highly resistant to pyrethroid and organophosphate acaricides because of the application of numerous acaricides on a continuous basis for years (Miller et al. 2001) . Studies have also shown that mutations of the gene encoding for the enzyme acetylcholinesterase (AChE) are related to acaricide resistance; therefore, isolation and characterization of AChE genes are of importance.
Acetylcholinesterase (EC 3.1.1.7) is an essential enzyme in the transmission of nerve impulses in arthropods, nematodes, and vertebrates. In arthropods, AChE is the target of two major insecticide families, organophosphates (OP) and carbamates (Fournier et al. 1992 , Feyereisen 1995 . Baxter and Barker (1998) and Hernandez et al. (1999) independently reported two putative AChEs from the cattle tick, Boophilus microplus. However, these two AChEs share only 33% of the amino acid similarities, and, possibly, are not orthologs of each other. Studies suggest that point mutations in AChE coding region of some insects could be one of the major mechanisms involved in resistance to OP (Williamson et al. 1992 , Fournier et al. 1992 , Mutero et al. 1994 , Zhu et al. 1996 . However, no mutations have been found in catalysis or binding sites between OP-susceptible and resistant strains of ticks, mosquitoes, and leafhoppers (Baxter and Barker 1998 , Hernandez et al. 1999 , Malcom et al. 1998 , Tomita et al. 2000 . Alternatively, instead of sequence polymorphisms, genetic changes in posttranslational modiÞcation of AChE could be a possible mechanism of OP resistance Barker 1998, Tomita et al. 2000) .
To further investigate AChE in ticks and to search for appropriate nuclear protein-encoding genes that are informative in tick phylogenetic analysis, we cloned and sequenced two putative AChE cDNAs, one each from D. variabilis and R. sanguineus. In this work, we characterize and compare these two tickAChE cDNAs, including their putative products, alternative splicing, and phylogenetic relationships with other known arthropod AChEs.
Materials and Methods

Tick Species
Partially fed larvae of D. variabilis and R. sanguineus were collected from a Bulloch County animal shelter (Statesboro, GA), in October 2002 and identiÞed using Clifford et al. (1961) . Each individual tick was removed from a dog and transferred into a vial containing RNAlater TissueProtect solution (Qiagen, Valencia, CA).
RNA Extractions and Reverse-Transcriptase Polymerase Chain Reaction (RT-PCR)
Total RNA was extracted from the whole body of individual ticks using RNeasy Mini Kit (Qiagen, Valencia, CA). Five micrograms of total RNA were used for Þrst strand cDNA synthesis at 42ЊC in a 20 l volume with SuperScript II reverse transcriptase and oligo(dT) 12Ð18 (Invitrogen, Carlsbad, CA), according to manufacturerÕs instructions.
RT-PCR ampliÞcations were performed using 2 l of cDNA product as template, 0.2 M of each primer, 0.1 M of each dNTP, and 2.5 U of HotStarTaq DNA Polymerase (Qiagen, Valencia, CA) in a Þnal volume of 50 l. The forward primer, 573 F (5Ј-TGG ATC TAC GGC GGC G), and degenerate reverse primer, 1659RC (5Ј-TYT TGG CRA AGT TGG CCC A), were designed from an alignment of published AChE sequences (Baxter and Barker 1999) . PCR was carried out on a Perkin-Elmer 9600 thermal cycler (PE Applied Biosystems, Boston, MA) with an initial heat activation step at 95ЊC for 15 min, and ampliÞcations were achieved through 32 cycles at 94ЊC for 30 s, 56ЊC for 30 s, and 72ЊC for 60 s. A Þnial extension reaction was carried out for 10 min at 72ЊC. Negative controls for both cDNA synthesis and PCR were always included. The sequence of the fragment was then used to design gene-speciÞc primers for 5Ј and 3Ј rapid amplication of cDNA ends (RACE).
RACE
Full-length AChE cDNA was obtained by 5Ј and 3Ј RACE using the SMART RACE cDNA ampliÞcation kit (Clonetech, Palo Alto, CA). Two gene-speciÞc primers were used for 5Ј and 3Ј RACE. The 5Ј RACE primer was 1496RC (5Ј-CGC GAA CAC GTA CTG GTA CAC CGG-3Ј), and the 3Ј RACE primer was 469 F (5Ј-ATG TGG AAC GCC AAC ACG GAA ATG-3Ј). Touchdown PCR was performed at Þve cycles of 30 s at 94ЊC, 3 min at 72ЊC; another Þve cycles of 30 s at 94ЊC, 30 s at 70ЊC, and 3 min at 72ЊC; 25 cycles of 30 s at 94ЊC, 30 s at 68ЊC, and 3 min at 72ЊC for 3 min. The Advantage 2 Polymerase Mix (Clonetech, Palo Alto, CA) was used for PCR ampliÞcation.
After electrophoresis on a 1% agarose gel, the RACE-PCR products were cut and puriÞed using a QIAEXII Gel Extraction Kit (Qiagen, Valencia, CA). The puriÞed fragments then were cloned in a pCR4-TOPO vector with TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA). Nucleotide sequences were then obtained from clones.
Computer Programs
PREGAP and GAP4 in Staden Package (Staden 1996) were used to edit and assemble sequences. DNA and protein sequences were aligned using the Clustal W 1.81 (Thompson et al. 1994) . Signal peptide and N-glycosylation sites were predicted by the NetNGlyc 1.0 and SignalP 1.1 (Nielsen et al. 1997) . The phylogenetic tree was constructed using PAUP* 4.0 (Swofford 2002).
Results
A single gel band of Ϸ1,100 bp was obtained from both D. variabilis and R. sanguineus using RT-PCR. The gene-speciÞc primers for 5Ј and 3Ј end RACE were then designed based on the sequence of these fragments to amplify full-length cDNA.
The complete D. variabilis AChE cDNA (AY212906) is 2,220 bp in length and contains an open reading frame of 1,791 bp, encoding a putative polypetide of 596 amino acids (Fig. 1) . The 5Ј RACE of R. sanguineus AChE produced two bands. Cloning and sequencing of these bands showed that they have alternative splicing at the 5Ј end of the mRNA (Fig. 1) Possible signal polypeptide cleavage sites occur between S34 and A35 in D. variabilis, and between S28 and T29 in R. sanguineus (Fig. 2) . Tick AChEs exhibit all the common gene structure features revealed by the electric ray Torpedo californica (Ayres) (Sussman et al. 1991) . First, tick AChEs possess a similar conserved triad, in which glutamate (E) and histidine (H) are associated with serine (S) to form the catalytic active sites; for example, S251, E376, and H489 are present in D. variabilis AChE, whereas S249, E374, and H487 appear in R. sanguineus AChE. In addition, the unique amino acid sequence FGESAG surrounding the active site of serine is present in all AChEs of the Þve studied ticks. Second, a choline binding site, tryptophan (W), is also seen in two tick AChEs (i.e., W134 in D. variabilis and W130 in R. sanguineus). Third, two pairs of cysteines, which putatively form intrachain disulÞde bonds, are also present in two tick AChEs (C305-C316 and C451-C572 in D. variabilis; C113-C140 and C449-C570 in R. sanguineus). Fourth, a conserved catalytic gorge, consisting of 10 of the 14 aromatic residues, present in the electric ray AChE, is also present in both tick AChEs (i.e., W134, W166, Y173, Y182, W284, F338, F340, F380, Y383, and W481 in D. variabilis, and W130, W164, Y171, Y180, W282, F336, F338, F378, Y381, and W479 in R. sanguineus) . Finally, these two tick AChEs have a typical invertebrate acyl pocket (Sutherland et al. 1997 ) that contains only one conserved aromatic phenylalanine (F) site (i.e., F338 in D. variabilis and F336 in R. sanguineus). The other conserved aromatic site present in vertebrate acyl pockets is replaced by a valine (V) residue (V336 in D. variabilis and V334 in R. sanguineus). In addition, six and nine potential N-linked glycosylation sites were predicted using NetNglyc program (Nielsen et al. 1997) from D. variabilis and R. sanguineus, respectively. This suggests that both tick AChE enzymes may be heavily glycosylated (Fig. 2.) .
Discussion
The AChE cDNAs that we isolated from D. variabilis and R. sanguineus are homologous with that isolated from B. microplus by Baxter and Barker (1998) , but not the one isolated by Hernandez et al. (1999) also from B. microplus. The deduced amino acid sequences of these two tick AChEs have common key characters of cholinesterases. Six cysteines form three disulÞde bonds in many cholinesterases (MacPhee-Quigley et al. 1986 ). However, the cysteines 113Ð140 that form an A-loop in R. sanguineus were absent in D. variabilis. The cysteines 305Ð316 that form a B-loop in D. variabilis were absent in R. sanguineus. The cysteines (454Ð572 in D. variabilis and 449Ð570 in R. sanguineus) that form a C-loop are conserved in all published tick AChE sequences. Baxter and Barker (1998) reported alternative splicing at both 5Ј and 3Ј ends in B. microplus AChE. We also found alternative splicing at the 5Ј ends of R. sanguineus AChE, but not in D. variabilis. Similar alternative splicing of mRNAs has been reported in many organisms, and the transcribed, but not translated, region may inßuence the stability of mRNA and the efÞciency of amino acid translation (Standart and Jackson 1994) . However, further studies are required to conÞrm the function of alternative splicing in tick AChE mRNAs.
It has been documented that vertebrates and invertebrates have different forms of AChE genes (Massoulie et al. 1993 , Grauso et al. 1998 . It has been further proposed that only one gene encodes AChE in vertebrates (Taylor 1991 , Massoulie et al. 1993 , whereas invertebrates possess two or more (Baxter and Barker 1998 , Gao et al. 2002 , Grauso et al. 1998 , Hall and Spierer 1986 , Hernandez et al. 1999 . Comparing 44 amino acid sequences of AChE from arthropods and 4 sequences of nematodes, we show that there are at least three lineages of AChE in arthropods (Fig. 3) . AChEs from 13 of the 15 insect species belong to one lineage, whereas AChEs from two aphids formed another lineage. AChEs from the Þve tick species form two lineages. The structure of the gene tree also suggests that several major diversiÞ-cations or duplications occurred among invertebrates during evolution. This pattern of gene evolution in AChE may be associated with pesticide resistance; however, further investigations, particularly obtaining more complete cDNA sequences from both lineages in ticks and insects, are needed. Our investigation of tick AChE genes provides useful character resources for phylogenetic analysis at or below the subfamily level in ticks. 
